In the context of New Product Development (NPD), research has shown that not having a common understanding of Visual Design Representations (VDRs) has affected collaboration between industrial designers and engineering designers when working together. The aim of the research presented in this paper was two-fold. Firstly, to identify the representations employed by industrial designers and engineering designers during NPD from a literature survey. Secondly, to define and categorise these representations in the form of a taxonomy that is a systematic organisation of VDRs that are presently dispersed in the literature. For the development of the taxonomy, four measures encompassing orthogonality, spanning, completeness and usability were employed. It resulted in four groups consisting of sketches, drawings, models and prototypes. Validation was undertaken by means of an interview survey and further presenting the taxonomy at an international conference. The results showed that there were no issues raised by the respondents concerning the structure of the taxonomy or its components.
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BACKGROUND
Today's highly competitive global markets have highlighted the importance of industrial design and engineering design collaboration in New Product Development (NPD). To avoid costly rework and to reduce development time, effective externalisation of design concepts amongst team members is crucial (Alisantoso et al. 2006) . The ideas that initially take place in the form of Visual Design Representations (VDRs) must be well externalised and understood if they are to be shared with others (Goldschmidt 1997 , Pipes 2007 , Eissen and Steur 2008 .
VDRs reproduce properties of a design proposal through physical or virtual means in the form of 2D or 3D media. They are employed to visualise, communicate and store information (Tang 1991 , Persson 2002 , Do 2005 ; to externalise thoughts (Larkin and Simon 1987, Goldschmidt and Porter 2004) ;
as a thinking and reflective tool (Ferguson 1992 , Suwa et al. 1998 , Saddler 2001 , Visser 2006 ; to verify decisions (Olofsson and Sjölén 2005) ; to derive new ideas (Scrivener et al. 2000, Eckert and Boujut 2003) ; as an extension to short term memory (Lipson and Shpitalni 2000) ; to record ideas (Baskinger 2008 ); and as a persuasive aid (Menezes and Lawson 2006) . More importantly, these representations allow team members to see a design problem at the same level so as to create a shared mental image of the product (Goldschmidt 2007) .
Despite these advantages, the ambiguous nature and the absence of a common understanding of representations has led to miscommunication, misinterpretation and ineffective working processes (Goel 1995) . In addition, disharmony may occur when team members employ or view these representations differently. For instance, engineering designers produce technical details for manufacture based on quality, performance and cost (Flurscheim 1983) , while industrial designers deliver sketches and physical models based on aesthetic attributes. Another difference is that engineering designers associate models with engineering principles, functional mechanisms and production issues; whereas industrial designers employ representations mainly for appearance and usability (Fiske 1998 , Veveris 1994 . Communication also becomes difficult because each member has their own vocabulary suited to their discipline-specific activities. Other problems arise when members come from different workplace cultures with different priorities, thinking styles and values (Erhorn and Stark 1994, Ostwald 1995 ).
An individual may interpret the same data differently or make a different selection from the same data (Boujut and Laurillard 2002) . Lastly, even though the language may be similar, identical words may have different meanings (Kalay 2001 ).
According to Kleinsmann and Dong (2007) , communication becomes efficient only when members of a team have a shared understanding about the content. While some professions employ formal systems such as ISO standards and engineering terminology, the design profession has representations that are less established, ill-defined and imprecise (Saddler 2001) . While ambiguity may be helpful for creativity, it could lead to inaccurate and inconsistent meanings. The ambiguous nature makes it difficult for engineering designers to comprehend and recognise how a representation would relate towards the technical parameters of a product.
Therefore, it is suggested that communication and interaction among interdisciplinary members during NPD can be enhanced by having a common understanding in the use of representations. This has been proposed by Mathew (1997) who claimed that having a common understanding of these definitions would ensure that interpretations remain consistent among the stakeholders. Subsequently, Stacey and Eckert (2003) added that ambiguity and vagueness can be resolved by being more specific about the design intent. Lastly, Persson and Warell (2003) stated that a language which is well understood by both sender and receiver is the first step towards enhancing understanding among disciplines. In light of this, this research aims to provide a clearer and more consistent understanding of the VDRs employed by industrial designers and engineering designers during NPD.
DEVELOPMENT OF THE VDR TAXONOMY
The term 'taxonomy' is derived from the Greek words 'taxis' (arrangement), and 'nomia' (distribution). According to the Oxford Dictionary (2008) , the term 'taxonomy' refers to a scheme of classification concerned with the arrangement of information, as well as the transmission, clarification and organisation of data (Jeffrey 1982 , Derr 1973 , Gershenson and Stauffer 1999 . Despite various attempts by scholars to classify representations, they have been either incomplete or do not incorporate those from industrial design and engineering design domains (Engelbrektsson and Soderman 2004 , Johansson et al. 2001 , Tovey 1989 , Ferguson 1992 , Veveris 1994 , Goldschmidt 1997 , Cross 1999 , Do et al. 2000 , Ullman 2003 ).
Similar to the 'Taxonomy on Drawing for Design' as proposed by Schenk (2007) , the purpose of this taxonomy is to characterise, classify and provide a comparative analysis of various VDRs employed by industrial designers and engineering designers during NPD. While representations could be categorised by their shape and its use (Botturi and Stubbs 2008) , the key purpose of developing this taxonomy is to ensure that the significant attributes of a VDR are accurately described and represented.
The next step concerns data collection, where information has been obtained by undertaking a thorough survey of relevant literature concerning industrial design and engineering design. Each VDR encountered was sorted into appropriate categories and this was repeated until no further items could be identified. From the survey, it was found that representations were presented in either a two-dimensional or three-dimensional medium. A two-dimensional representation encompassed either sketches or drawings, whereas threedimensional representations included models or prototypes. The four key groups of sketches, drawings, models and prototypes are shown in Table 1 and they are further divided into sub-groups which are discussed in later sections.
For this research, a sketch has been defined as a preliminary, rough representation without detail, usually rapidly executed to present only key elements of the design. They are sketched in free-hand and are often not to scale. In contrast, a drawing is a formal arrangement of lines that determine a particular form and are highly structured to formalise and verify aspects of the design. They are made in accordance with a set of rules and are drafted with mechanical instruments or CAD systems to scale. Models are used to reproduce the rough functional properties of a design. The tangible and threedimensional properties of a model allow developers to explain the function, performance and aesthetic aspects of a design. In contrast, prototypes are used to communicate and verify the final outlook and functionality of the product. Models are better suited during the early stages of development for problem solving and idea generation, whereas prototypes are employed towards the later stages to confirm and evaluate the aesthetics, ergonomics and performance of the product. The hierarchical classification in Figure 1 became the framework for the taxonomy. The group of sketches was further sub-categorised into personal, shared, persuasive and handover sketches; while drawings were subcategorised into industrial design and engineering design drawings. Models and prototypes were also sub-categorised as industrial design and engineering design models and prototypes. In structuring the taxonomy, four matrices encompassing orthogonality, spanning, precision and usability as employed by Ostergaard and Summers (2009) were adopted. These matrices were derived from the work of Derr (1973) and Gershenson and Stauffer (1999) . Orthogonality seeks to ensure that there is no overlap of information within the taxonomy; while spanning refers to the breadth or coverage of the classification. Precision seeks to ensure that the taxonomy is sufficiently detailed; while usability is concerned with achieving ease of communication and understandability of the taxonomy.
ORTHOGONALITY
In terms of orthogonality, each of the four taxons have been clearly distinguished and to ensure that they were not repeated in other groups.
Despite having a clear distinction among each taxon and its sub-groups, it is important to acknowledge that a representation may sometimes have more than one purpose due to its ambiguous nature. When that happens, the VDR may then fall into another category. For instance, it is not uncommon for (2005) only provided an overview of conventional and digital representations.
Taking information from these and other sources, VDRs that were found to be employed by industrial designers and engineering designers were sorted into appropriate categories and the literature was revisited to find additional evidence. During the survey, there were several representations that were identified but later omitted. For example, Tape drawings have been used by the automotive industry to create a representation of an automobile on large surfaces. However, this method of representation has been unpopular with mainstream industrial designers and therefore a decision was decided to omit this entry. While every effort has been undertaken to ensure the completeness of the taxonomy, the current selection may still be revised and re-evaluated over time.
PRECISION
The term precision is concerned with the detail of the taxonomy. This has been achieved by conducting a thorough survey of existing literature. In order to capture as much detailed information as possible, a second iteration ( Figure 2 ) was developed to include images for each of these representations.
According to Sorenson and Webb (1991) , the use of visual examples as a form of reference would improve the level of detail for the user, allowing for greater clarity, as well as making it easier to recognise and identifying the representations. Having discussed the development of the taxonomy, the following sections shall now describe each of the taxons in detail.
SKETCHES
A sketch is a preliminary, rough visual design representation of something without detail for the basis of a more finished product (Merriam-Webster Dictionary 1994, Dictionary of Art Terms 2003). More importantly, it is usually rapidly executed and presents only key elements of the design. Sketches comprise informal freehand marks without the use of instruments (Tjalve et al. 1979 ) and may for example, include draft lines, text, dimensions, and calculations that help explain the meaning, context and scale of the design (Ullman et al. 1990 , McGown et al. 1998 , Stacey and Eckert 2003 . In addition, sketches are also accompanied with varying line weights to suggest depth, or over-tracing, redrawing and hatching to define a selection or to draw attention to an area (Do 2005 , Ling 2006 (Rodriguez 1992 , Ehrlenspiel and Dylla 1993 , Fish 1996 . In contrast, engineering designers do not use sketches to express an idea for realism, but as a means to solve mechanical and production issues and to generate closed solutions (Tovey 1989, Yang and Cham 2007) .
In categorising sketches, several authors including Pipes (2007) broadly grouped them as thematic sketches that emphasised aesthetic qualities; or package-constrained sketches that are bound with fixed dimensions. Other researchers (Ullman et al. 1990 , Ferguson 1992 , Van der Lugt 2005 classified thinking sketches for problem solving; prescriptive sketches for providing instructions; talking sketches for discussion; and storing sketches that retain ideas. Similarly, Olofsson and Sjölén (2005) grouped investigative sketches for problem definition; explorative sketches for generating and evaluating solutions; explanatory sketches that describe and communicate the design; and persuasive sketches that sell an idea. For clarity and consistency, this paper shall classify sketches as personal, shared, persuasive and handover sketches, each of which is now described.
PERSONAL SKETCHES
Personal sketches are two-dimensional VDRs that employ freehand marks on paper for private use. They are often created spontaneously in large volumes usually in monochrome and show only key elements of the design on paper.
The group of personal sketches comprise of idea sketches, study sketches, referential sketches and memory sketches. The purpose of an idea sketch ( Figure 3) is to allow the developer to externalise his thoughts quickly and to show how the design looks on paper; while a study sketch (Figure 4 ) is used to develop and investigate the appearance and visual impact of the idea, employing aspects of geometry, proportion, scale, layout and mechanism, etc. 
DRAWINGS
A drawing is a formal arrangement of lines that determines a particular form (Dictionary of Art Terms 2003) . When compared with sketches, drawings are more structured in order to formalise and verify aspects of the design (Herbert 1993 , Robbins 1994 , Goel 1995 . Ullman et al. (1990) also stated that drawings are 'made in accordance with a set of rules and are drafted with mechanical instruments or CAD systems to scale'; whereas sketches are created in free-hand and are often not to scale. A formal definition was proposed by Tjalve et al. (1979) who defined drawings as the modelled properties of a design (e.g. structure, form, material, dimension, surface, etc.)
and coded in terms of symbols (e.g. coordinates, graphical symbols, types of projection). Drawings serve as a record to analyse and check details, as well as a communication medium between the designer and the manufacturer (UIIman et al. 1988 , 1990 , Bucciarelli 1994 
INDUSTRIAL DESIGN DRAWINGS
Industrial design drawings are two-dimensional representations that employ formal lines to determine a particular form and they are often drawn to scale.
They comprise of concept drawings (Figure 12 ) that show the design proposal in colour with orthographic views and precise lines; while presentation drawings ( Figure 13 ) are final drawings created in perspective for clients and other stakeholders to understand the product better. Table 3 . 
MODELS
According to Holmquist (2005) , models are non-functional objects used to describe the visual appearance of an intended product. However, Buur and Andreasen (1989) cited that they can also be used to reproduce the rough functional properties of a product. Models are used because two-dimensional sketches and drawings are often inadequate to explain the three-dimensional attributes of an object (Tovey 1997) . The three-dimensional properties of a model allow both industrial designers and engineering designers to explain the function, performance and aesthetic aspects of a design, enabling them to 'describe, visualise and sculpture thoughts' (Buur and Andreasen 1989) , and to 'develop, reflect, and communicate design ideas with others' (Peng 1994 ).
However, Garner (2004) pointed out that some models were more suitable for communicating information, while others were better suited for testing ideas.
A full size or scaled down physical model allows feedback from stakeholders and addressing issues before committing to tooling or manufacture in order to minimise downstream mistakes (Powell 1990) . They are useful to show how components are integrated so that clients may visualise the product better (Woodtke 2000) . Models further allow the developer to gain tactile clues, as described by Smyth (1998) as 'designers thinking with their hands'. Although rough models are fast to produce and are suitable for creative work, they may sometimes contain very limited information. Conversely, detailed models can be labour-intensive. Therefore, simple models are used during early stages of design where ideas and development take place; whereas detailed models are used when the concept has been confirmed. Veveris (1994) also acknowledged the trend whereby 'the complexity, cost and functional capabilities of models increase with the progress of product development'. For this research, models created for the purpose of aesthetics, ergonomics and other design related aspects are classed as industrial design models; while those for functional and technical development are classed as engineering models although the purpose of a model may at times overlap over both categories.
INDUSTRIAL DESIGN MODELS
Industrial design models are three-dimensional VDRs used to reproduce the physical attributes of an intended product in a tangible form. They emphasise the visual aesthetics and form of a product without having any functional features. The group of industrial design models comprise three-dimensional sketch models, design development models and appearance models. 3D sketch models (Figure 21 ) offer an affordable and quick way to physically represent potential ideas from 2D sketches or drawings into a tangible medium, as well as to obtain visual feedback. Table 4 . 
PROTOTYPES
The aim of prototyping is to produce information for design processes and design decisions, as well as to communicate and verify the final design (Kurvinen et al. 2008) . According to Holmquist (2005) , prototypes only consist of functional parts and do not resemble a final product, whereas other researchers (Luzadder 1975 , Author 1992 ) defined them as full-scale physical representations, and Best (2006) considered prototypes as being in either a physical or virtual form. According to Houde and Hill (1997) , they defined a prototype broadly as any representation of a design idea and further classified them into role prototypes, look and feel prototypes, implementation prototypes and integration prototypes. They go on to add that the selection of a prototype depends on its intended function and what features are required. For this paper, the term 'prototype' refers to three-dimensional VDRs that incorporate working and functional components and are often built to full scale.
Kelly (2001) described prototypes as being 'worth a thousand pictures', serving as a tangible artefact providing confidence to stakeholders about the final design. With a physical representation, stakeholders can interact and finalise aspects of the design (Bødker and Buur 2002, Preece et al. 2002) . It brings the perspectives of multi-disciplinary team members together and provides a medium to help joint decisions to be made and for refinements to be conducted safely and cheaply (Kolodner and Wills 1996) . Otto and Wood (2001) stated that multi-disciplinary members used prototypes differently according to their needs. Industrial designers used prototypes to investigate the look and feel of a design, while engineering designers used them to analyse functional properties. As a physical working representation of a design proposal, prototypes are used to test the feasibility of the finalised concept, for customer assessment and to clarify production and technical issues (Holbrook and Moore 1981, Finn 1985) . Yang and Daniel (2005) added that the process of constructing prototypes itself allows developers to understand issues first hand in a way that cannot be gained from sketches or drawings. Models are better suited during the early stages of development for problem solving and idea generation, whereas prototypes are employed towards the later stages to confirm and evaluate the aesthetics, ergonomics and performance of the design (Ullman 2003 , Frishberg 2006 . As an integration medium, prototypes show how the components fit together and to detect discrepancies. In terms of milestones, they serve as a physical goal demonstrating that a level of progress in product development has been met.
Prototypes are also used by manufacturers to confirm the tooling, for cost analysis and as a promotional material. In addition, Ulrich and Eppinger (2003) identified a pattern whereby products with high technical or market risks tend to require more prototypes to be built and tested. For this research, prototypes are classified as industrial design prototypes and engineering design prototypes. In the former, they are created to finalise the aesthetics, ergonomics and other design related aspects; while the latter is used to test, evaluate and validate the functional and technical aspects of the final design.
Similar to other VDRs, the purpose of a prototype may at times overlap over both groups.
INDUSTRIAL DESIGN PROTOTYPES
Industrial design prototypes are three-dimensional VDRs that reproduce the final form, ergonomics and design related aspects of the product. Industrial design prototypes comprise appearance prototypes, alpha prototypes, beta prototypes and pre-production prototypes. Appearance prototypes (Figure 29) are highly detailed, full-scale 3D representations that combine the functional and aesthetical aspects of a product, while alpha prototypes (Figure 30 ) are used to verify the outlook and construction of sub-systems that have been technically proven and fabricated using the actual materials. In contrast, beta prototypes ( Figure 31 ) are full-scale and fully-functional representations that are used to examine how the product would be used in its intended environment. On the other hand, pre-production prototypes (Figure 32 ) are generally concerned with verifying aspects of the design, reviewing the resolved features and to ensure that the quality from an initial batch production is satisfactory. Tooling prototypes (Figure 36 ) are used to assist in the fabrication of the actual tooling, so as to enable potential problems to be intercepted before discrepancies in form or fit occur. Lastly, off-tool prototypes ( Figure 37) consist of the physical components produced from the actual tooling and materials intended for the final product. They are used as a final check to ensure that the production parts are satisfactory prior to mass manufacturing. Table 5 . Attendees were then asked to reflect on the seminar presentation/discussion and return the completed checklist by the end of the conference. Although 20 forms were handed out at the seminar (1 to each attendee), only 7 (35%)
were returned at the end of the conference. Although the return rate was relatively low, no issues were identified in the returned checklists. The triangulation of results obtained from both stages of the validation (interview and seminar/checklist) gives a high degree of confidence in the taxonomy as a valid means of presenting different types of VDRs that are widely recognised by designers from around the world.
CONCLUSION
This paper has described the importance of an inclusive taxonomy that has compiled and categorised VDRs employed by industrial designers and engineering designers during NPD. It is hoped that by having a common ground and a consistent understanding of design representations, multidisciplinary members are able to better achieve more effective working processes. In addition, characterising and cross-referencing design information. It is also anticipated that the taxonomy will be useful in supporting the development of further collaboration tools and also for developing and expanding existing research. A key direction for further work would be to subject this taxonomy to a more thorough empirical survey for enhanced validation.
